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Abstract. All molecular forms of life have chemically-specific handedness. However, the origin
of these asymmetries is not understood. A possible explanation was suggested by Vester and
Ulbricht immediately following the discovery of parity violation in 1957: chiral beta radiation
in cosmic rays may have preferentially destroyed one enantiomeric form of various biological
precursors. In the experiments reported here, we observed chiral specificity in two electron-
molecule interactions: quasi-elastic scattering and dissociative electron attachment. Using low-
energy longitudinally spin-polarized (chiral) electrons as substitutes for beta rays, we found
that chiral bromocamphor molecules exhibited both a transmission and dissociative electron
attachment rate that depended on their handedness for a given direction of incident electron
spin. Consequently, these results, especially those with dissociative electron attachment, connect
the universal chiral asymmetry of the weak force with a molecular breakup process, thereby
demonstrating the viability of the Vester-Ulbricht hypothesis.
1. Introduction
Many biological molecules exist in nature with only one chirality [1]. However, the exact
origin of this enantiomeric imbalance is not known. One theory that attempts to explain this
ubiquitous biological homochirality is the Vester-Ulbricht hypothesis [2, 3], which identifies the
left-handed electrons produced in parity-violating beta radiation as the source of the initial
imbalance. Vester and Ulbricht suggested that these electrons interacted with precursors of
biological molecules and preferentially destroyed one handedness. Specifically, their prediction
was that the bremsstrahlung radiation produced by the slowing chiral electrons was responsible
for the asymmetry [3]. An extension of this idea is that the chiral electrons themselves are
responsible for the enantio-specific destruction.
Experiments searching for such a chirally-sensitive effect due to beta radiation, or the
laboratory-equivalent, longitudinally spin-polarized electrons, have been characterized by
negative results and/or irreproducibility [4–8]. Some experiments have had more success in
demonstrating chiral selectivity [9–12]. However, they do not specify what mechanism is
responsible or if the destruction is due to the electrons themselves or subsequent polarized
bremsstrahlung. There are several comprehensive, critical reviews of the literature in this
area [5, 6, 13].
Our experiments were performed with longitudinally-spin polarized electrons in place of the
beta rays and unoriented gas phase target molecules of 3-bromocamphor (C10H15BrO). Such
experiments provide several desirable consequences. First, any asymmetries that arise with an
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unoriented gas-phase target must be due to the chirality of the projectile and the target, whereas
in a condensed matter experiment, there is the potential for complications due to, e.g., a residual
chiral geometry associated with the target and its mechanical support structure. Additionally,
the gas phase permits better identification of the entrance and exit reaction channels. Our
experimental setup also allows for varying the incident electron energy, including keeping the
electron energy very low so that photolysis due to bremsstrahlung is negligible.
We considered two different chiral electron/chiral molecule interactions. The first is associated
with transmission of spin-polarized electrons through chiral molecules. In this experiment, the
current transmitted through the gas of molecules is monitored, and an asymmetry is detected
by measuring an electron helicity-dependence of this current. The current is, in turn, dependent
on the quasi-elastic total cross section for e−-bromocamphor scattering. This experiment
has already been performed by the Münster group [14, 15]. Given the significance of their
result, which gave the first indication of chiral sensitivity in electron-molecule scattering, it was
important that it be reproduced. The second type of experiment considers the rate of dissociative
electron attachment (DEA) [16] in bromocamphor. This reaction can be represented by
e− +C10H15BrO −−→ C10H15O• + Br−.
In DEA, a temporary negative ionic state is formed, causing an increased interaction time
between the incident electron and the chiral molecule. This allows the incident helical electron
and the chiral molecule to “sample each others chirality” during the anion’s lifetime, which
might therefore enhance chiral sensitivity in the breakup rates [17]. Bromocamphor is a good
candidate for a DEA asymmetry study as it has been measured to have a very large DEA cross
section at near-zero incident electron energy [18]; low incident electron velocities should further
enhance any “chirality sampling” effects. Important work on DEA [19–22] has illustrated the
vital role of achiral electrons in biologically-important bond-breaking interactions. We were
able to successfully measure a chiral asymmetry in the DEA process as manifested by an
electron-spin-dependent negative ion current [23]. This constitutes an unambiguously identified
chirally-sensitive molecular breakup process and, as such, provides circumstantial evidence for
the Vester-Ulbricht hypothesis.
2. Methods
Our experimental apparatus, shown in Fig. 1, has four main components: a spin-polarized
electron source, a target chamber, an optical electron polarimeter, and an active-feedback
optical system. The latter is not included in Fig. 1 but is discussed in detail in [24]. The
source of spin-polarized electrons is a negative-electron-affinity (NEA) GaAs photocathode [25],
in which the electrons’ longitudinal polarization is determined by the helicity of incident laser
light. The optical setup used to produce the circularly polarized light for photoemission of
spin-polarized electrons also allows for active feedback to reduce instrumental asymmetries [24].
Solenoidal magnets (also shown in Fig. 1) are used to produce a magnetic field of ∼ 15 mT
which helps to guide the electron beam out of the source and around a bend in the differential
pumping chamber before entering the target chamber. The target chamber is arranged to
allow electron polarization measurement with an optical polarimeter [26]. We measured our
electron polarization to be constant at ∼ 30% throughout the duration of our chiral asymmetry
measurements.
The details of the electron optic elements in the target chamber are shown in Fig. 2. The
incident electron energy is determined by performing a retarding field analysis (RFA) [27] in
which the voltage applied to the inner and outer target cells and elements 4 and 5 are all
ramped simultaneously. The transmitted current is monitored on the Faraday cup (FC), and
0 eV electron energy is defined to correspond to the peak in the derivative of the current collected
on the FC, as shown in Fig. 3. The energy scale is linear in the retarding voltage placed on the
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Figure 1. Polarized electron source and target chamber. (1) laser beam from active feedback
system to produce GaAs photoemission; (2) solenoidal guiding magnets; (3) GaAs photocathode;
(4) NEA activation cesiators; (5) gate valve; (6) chiral target cell (see also Fig. 2); (7) optical
polarimeter target cell; (8) fluorescence collection lens; (9) window for the optical polarimeter.
The bend in the apparatus eliminates the line-of-sight between the target cell and the GaAs
crystal to minimize chemical contamination of the NEA photocathode. Figure from ref. [23].
Figure 2. Details of the
target vapor cell, showing the
incident (Io) and transmitted
(IFC) electron beams, the target
cell structure, lens elements 1-10,
and the Faraday cup assembly
used to measure the transmitted
beam. Based on figure from ref.
[23].
target cell, and “negative” energies correspond to the high energy tail of the incident electron
beam, which had a nominally Gaussian profile and a FWHM energy width of ∼ 0.6 eV. In
the energy range considered, the average incident electron kinetic energy in the target varies
monotonically but non-linearly with the retarding potential. At the most positive energy values,
the beam’s FWHM is the full 0.6 eV; at potentials less than zero, the energy spread in the target
region approaches zero as does the average kinetic energy.
During a chiral asymmetry measurement, molecules of a given handedness are admitted into
the target cell (Figs. 1 and 2). The pressures used depend on whether we are measuring DEA or
transmission asymmetries. Unscattered electron beam current is detected on the FC following
the target cell, and anion current is measured on the electrically-isolated inner target cell wall.
As previously mentioned, a magnetic field of ∼ 15 mT is directed along the axis of the apparatus.
This guides the electrons through the target cell and onto the FC. Thus, scattered electrons are
largely prevented from reaching the inner walls of the target cell. Anions, with their larger mass,
have larger radii of curvature through the magnetic field and are therefore able to drift to the
target cell walls where they are detected as a current. Electron-spin-dependent asymmetries are
determined by using a lock-in amplifier to detect the change in currents (collected on the FC
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  Figure 3. Retarding field analysis
(RFA) scan showing the current col-
lected on the Faraday cup. Electron
energy is defined such that 0 eV corre-
sponds to the peak in the derivative of
the RFA scan (see text).
for transmission and on the inner target cell walls for DEA) at the frequency of the electron
helicity reversal.
3. Results
3.1. Transmission asymmetries
To take transmission asymmetry data, chirally-pure bromocamphor was admitted to the target
cell until the incident electron beam at the energy of the asymmetry measurement was attenuated
by about 70%. This corresponded to a bromocamphor pressure of 2.0–3.0 mTorr, depending
on the incident electron energy, as measured by a capacitance manometer. Multiple scattering
has a negligible effect on our measured asymmetries because it does not significantly alter the
electron beam polarization. The electron helicity was reversed at a frequency of ∼210 Hz, and
the FC current asymmetry associated with the helicity reversal, a = (I↑ − I↓)/(I↑ + I↓), was
monitored for ∼ 3 minutes using a lock-in amplifier. Here, I↑ (I↓) is the current measured
for spin-forward (spin-backward) electrons collected on the FC. Thus, aL and aR are the
electron-helicity-dependent components of the transmission signal for the L- and R-enantiomers
of bromocamphor, respectively. The chirality of the target gas was then switched and data
collected again. A final asymmetry value A was calculated using
A = aL − aR =
[
I↑ − I↓
I↑ + I↓
]
L
−
[
I↑ − I↓
I↑ + I↓
]
R
. (1)
This formulation compensates for persistent instrumental asymmetries that are common between
the measurements for both enantiomers. At each energy, A was measured ∼ 20 times and an
average was found after applying Chauvenet’s criterion [28] to the data.
As previously mentioned, asymmetry measurements of the transmission of spin-polarized
electrons through chiral bromocamphor have already been performed by the Münster group
[14, 15]. However, their data were taken under different experimental conditions, including
different electron polarization (40%), electron beam attenuation (90%), and electron energy
width (0.3 eV) [14]. We therefore must rescale the data from ref. [15] in order to obtain a
comparison with our data. It is straightforward to show [14] that for transmission
a ≈ P ln
(
I(P = 0)
Io
)(
σ↑ − σ↓
σ↑ + σ↓
)
, (2)
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Figure 4. The asymmetry in the
transmitted current collected on the
FC as a function of electron energy.
Squares and circles represent our mea-
surements; the triangles are the mea-
surements of Nolting et al. [15] scaled
to our experimental parameters and
our definition of asymmetry (see text).
The difference between the squares and
circles corresponds to flipping the set-
ting of the quarter-wave plate that cir-
cularly polarizes the laser light [24],
which should give measurements of op-
posite sign. The sign of the data repre-
sented by circles has been reversed for
easier comparison to the data of Nolt-
ing et al. [15]. Uncertainties are deter-
mined by taking the standard deviation
of the mean of the individual asymme-
try measurements.
where P is the electron polarization, Io is the unattenuated incident current, I(P = 0) is the
transmitted current with an unpolarized electron beam, and σ↑ and σ↓ represent the quasi-elastic
cross sections for spin-forward and spin-backward electrons, respectively.
First, in order to match our definition of asymmetry, we calculated
AM = (aM )L − (aM )R , (3)
where aM is the Münster data from Nolting et al. [15]. Next, to compensate for the differences
of electron beam polarization and attenuation, a scaling of
A′M = AM
(
0.3
0.4
)(
ln(0.3)
ln(0.1)
)
(4)
was applied. Finally, the data was convoluted to account for the differences in the electron-beam
energy widths for the two experiments. The results are presented in Fig. 4 along with our data.
Although our measurements are more sparsely distributed in energy, they are in good agreement
with the previous measurements.
As a systematic check, the data were taken using two different settings of the quarter-
wave plate that polarizes the laser light. This essentially introduces a phase-shift of π in the
measurement, as it reverses the sign of the electron polarization for a given optical configuration.
Thus, the sign of the asymmetry is reversed. In Fig. 4, we plot these data mulplied by -1 in
order to make the comparison to ref. [15] more apparent.
3.2. DEA asymmetries
The DEA asymmetry measurements were taken in essentially the same way as transmission
measurements, with a few notable differences. The DEA data were taken with bromocamphor
introduced into the target cell such that the incident 0 eV electron beam was attenuated to∼ 50%
of its initial value, which required a pressure of 0.5–1.0 mTorr. Asymmetry measurements of
DEA were taken by monitoring the anion current collected on the inner target cell wall (see
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Figure 5. Top: DEA current, with
the range of energies where asymmetry
data were taken indicated by the dot-
ted vertical lines. Bottom: The asym-
metry in DEA current as a function
of electron energy. Squares and cir-
cles represent opposite settings of the
quarter-wave plate that circularly po-
larizes the laser light, which should give
asymmetry measurements of opposite
signs. A positive sign for the data
represented as squares corresponds to
a positive sign for the data of Nolt-
ing et al. [15] with (−) bromocamphor.
The triangles indicate data taken with
racemic bromocamphor. Uncertainties
are determined by taking the standard
deviation of the mean of the individ-
ual asymmetry measurements. Figure
from ref. [23].
Fig. 2). Thus I↑ (I↓) in Eq. 1 was the current measured on the inner target cell walls when the
incident electron helicity was spin-forward (spin-backward).
Figure 5 shows the DEA signal and its asymmetry for a range of electron energies near 0 eV.
Our measurements of non-zero asymmetries indicate that we are detecting an electron-helicity-
dependent break-up of chiral molecules. As such, they validate the Vester-Ulbricht hypothesis,
which connects the origins of biological homochirality with helical beta radiation.
Again, a systematic check was done by taking asymmetry measurements with opposite
settings of the final quarter-wave plate. An additional check was performed by collecting
asymmetry data using two samples of racemic bromocamphor. Because these samples have
no net chirality, they should result in zero asymmetry. Data were taken exactly as before, with
a recorded for each of the samples and A calculated by finding the difference. (In this situation,
the subscripts are arbitrary.) This measurement yielded asymmetries consistent with zero.
3.3. Contribution of scattered electrons to DEA asymmetries
During the DEA measurements, we measured the current detected on the inner target cell walls
(Fig. 2). A potential concern here is that, in addition to anions produced in a DEA reaction,
scattered electrons might be detected on the inner target cell walls. This problem is exacerbated
as the beam energy approaches zero. Although the longitudinal magnetic field should largely
eliminate the electron background, it only reduces it to a manageable level. To estimate its
contribution to the target cell wall current, we performed a systematic study by comparing the
current detected on the inner target cell walls for both bromocamphor and nitrogen over the
range of energies of the DEA asymmetry data. While bromocamphor has an appreciable DEA
cross-section at near-zero energy, nitrogen does not. Therefore, the current detected on the inner
target cell walls when nitrogen is in the target cell serves as a measure of the inner target cell
collection efficiency of scattered electrons and therefore the contribution of scattered electrons
to the inner target cell wall current.
Our estimation of α, the scattered electron contribution to our inner target cell wall current,
is shown in Fig. 6 as a function of CDEA, the assumed collection efficiency of anions produced
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Figure 6. Component of the inner tar-
get cell current due to scattered elec-
trons, α, as a function of target retard-
ing voltage for different assumptions
about CDEA, the collection efficiency
of DEA anions. The curves represent
quadratic fits to the data, which are
distributed about their respective fits
with a standard deviation of ∼ 0.03.
Figure from ref. [23].
by DEA. Details of the analysis are given in ref. [23]. We determined the scattered electron
contribution to be largest at -0.2 eV (assuming CDEA = 100%), where it is at most ∼ 20% of
the total current. It drops to an upper limit of 7% as the energy increases to 0.1 eV and rises
slowly to at most 10% at 0.5 eV. Thus, the asymmetries measured above 0 eV likely represent
our most accurate determination of the true chiral DEA asymmetry.
4. Conclusions
Our experiment has demonstrated chirally-sensitive asymmetric breakup of bromocamphor by
near 0 eV incident spin-polarized electrons in a DEA reaction. These measurements thus provide
important, although circumstantial, evidence for the Vester-Ulbricht hypothesis [2, 3]. We have
also confirmed the asymmetries associated with quasi-elastic scattering measured by the Münster
group [14,15].
We are unaware of any calculations that have predicted the expected size of chiral asymmetries
for real molecules (as opposed to simplified models) in either quasi-elastic or DEA channels.
Therefore, our interpretation of the energy dependence of the size of the asymmetry is only
speculative. In considering the transmission results (Fig. 4), the asymmetry is appreciable only
at the lower energies. This suggests that resonances are important in determining the sizes of
the asymmetry [29,30]. For the DEA results shown in Fig. 5, it is reasonable to expect that the
scattered electrons, in addition to the anions, detected on the inner target cell walls contribute to
the measured asymmetry. This would show up primarily at the lowest energies investigated, as
this is where the scattered electron contribution is the largest. In light of this, the asymmetries
measured at the highest energies probably provide the most accurate representations of the DEA
asymmetry. The fact that the DEA asymmetries are substantially larger than the transmission
asymmetries is perhaps not surprising, considering the fact that in DEA a temporary negative
ion is produced, thereby increasing the interaction time between the spin-polarized electron and
the chiral molecule and allowing the two more opportunity to “sample each others chirality.”
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